Abstract Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a secreted protein that regulates the expression of LDL receptor (LDLR) protein. Gain-of-function mutations in PCSK9 cause hypercholesterolemia, and loss-offunction mutations result in lower plasma LDL-cholesterol. Here, we investigate the kinetics and metabolism of circulating PCSK9 relative to tissue levels of LDLRs. The administration of recombinant human PCSK9 (32 mg) to mice by a single injection reduced hepatic LDLRs by ?90% within 60 min, and the receptor levels returned to normal within 6 h. The half-life of the PCSK9 was estimated to be ?5 min. Continuous infusion of PCSK9 (32 mg/h) into wild-type mice caused a ?90% reduction in hepatic LDLRs within 2 h and no associated change in the level of LDLR in the adrenals. Parallel studies were performed using a catalytically inactive form of PCSK9, PCSK9(S386A), and similar results were obtained. Infusion of PCSK9(D374Y), a gain-of-function mutation, resulted in accelerated clearance of the mutant PCSK9 and a greater reduction in hepatic LDLRs. Combined, these data suggest that exogenously administrated PCSK9 in plasma preferentially reduces LDLR protein levels in liver at concentrations found in human plasma and that PCSK9's action on the LDLR is not dependent on catalytic activity in vivo. Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a member of the proteinase K subfamily of enzymes (1-4). In mice, overexpression of human PCSK9 results in decreased hepatic LDL receptors (LDLRs) and hypercholesterolemia (2-5), whereas Pcsk9 2/2 mice have increased hepatic LDLRs and reduced plasma cholesterol concentrations (1). Similarly, humans carrying gain-of-function alleles for PCSK9 have increased plasma LDL-cholesterol (LDL-C) levels and premature coronary artery disease (6), whereas individuals with loss-of-function alleles have significantly reduced plasma LDL-C and are protected from atherosclerosis (7-9).
Abstract Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a secreted protein that regulates the expression of LDL receptor (LDLR) protein. Gain-of-function mutations in PCSK9 cause hypercholesterolemia, and loss-offunction mutations result in lower plasma LDL-cholesterol. Here, we investigate the kinetics and metabolism of circulating PCSK9 relative to tissue levels of LDLRs. The administration of recombinant human PCSK9 (32 mg) to mice by a single injection reduced hepatic LDLRs by ?90% within 60 min, and the receptor levels returned to normal within 6 h. The half-life of the PCSK9 was estimated to be ?5 min. Continuous infusion of PCSK9 (32 mg/h) into wild-type mice caused a ?90% reduction in hepatic LDLRs within 2 h and no associated change in the level of LDLR in the adrenals. Parallel studies were performed using a catalytically inactive form of PCSK9, PCSK9(S386A), and similar results were obtained. Infusion of PCSK9(D374Y), a gain-of-function mutation, resulted in accelerated clearance of the mutant PCSK9 and a greater reduction in hepatic LDLRs. Combined, these data suggest that exogenously administrated PCSK9 in plasma preferentially reduces LDLR protein levels in liver at concentrations found in human plasma and that PCSK9's action on the LDLR is not dependent on catalytic activity in vivo. Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a member of the proteinase K subfamily of enzymes (1) (2) (3) (4) . In mice, overexpression of human PCSK9 results in decreased hepatic LDL receptors (LDLRs) and hypercholesterolemia (2-5), whereas Pcsk9 2/2 mice have increased hepatic LDLRs and reduced plasma cholesterol concentrations (1) . Similarly, humans carrying gain-of-function alleles for PCSK9 have increased plasma LDL-cholesterol (LDL-C) levels and premature coronary artery disease (6) , whereas individuals with loss-of-function alleles have significantly reduced plasma LDL-C and are protected from atherosclerosis (7) (8) (9) .
PCSK9 is rapidly secreted from cultured hepatocytes and is found in the plasma of humans (10) (11) (12) . The addition of recombinant human PCSK9 to the medium of HepG2 cells leads to the degradation of LDLRs in a timeand concentration-dependent manner (10) . PCSK9 directly binds selectively to the epidermal growth factor-like repeat A domain of the LDLR (13, 14) , and this binding and subsequent internalization are required for exogenous PCSK9 to reduce LDLR levels (10, 13) . Several studies suggest that PCSK9 also functions intracellularly to degrade LDLRs (2, 15, 16) . Currently, the relative contribution of the intracellular pathway versus the exogenous pathway of PCSK9-mediated LDLR degradation is not known.
In parabiosis experiments, human PCSK9 secreted from livers of transgenic mice decreased hepatic LDLR protein levels when it was transferred via shared circulation to recipient wild-type mice (10) . These studies demonstrated that human PCSK9 in plasma is capable of reducing hepatic LDLRs, although the plasma levels of PCSK9 (17-246 mg/ml) in the transgenic mice were ?100-to 1,000-fold higher than those measured in human plasma (?0.25 mg/ml) (10). Here, we have probed the function of circulating PCSK9 and relevant mutants in vivo and investigated the effect of physiological levels of plasma PCSK9 on LDLR protein levels in both the liver and the adrenals.
MATERIALS AND METHODS

PCSK9 production and purification
Recombinant human wild-type PCSK9 and the gain-offunction PCSK9(D374Y) were produced in HEK 293S cells (17) and purified as described (10) . To produce catalytically inactive PCSK9(S386A), HEK 293S cells were stably transfected with two plasmids, one encoding the prodomain and the second encoding the catalytically inactive protease domains as described (18) , except that the prodomain lacked a C-terminal V5 epitope tag. The prodomain vector used was constructed exactly as described (18) , except that the reverse primer was 5 ¶-CTATTACTGGGCAAAGA-CAGAGGAGTCCTCC-3 ¶.
Animals
Experiments were performed in wild-type, Ldlr 2/2 (19), and Pcsk9 2/2 (1) mice on a mixed C57BL/6J;129S6/SvEv background. All studies were approved by the Institutional Animal Care and Research Advisory Committee at the University of Texas Southwestern Medical Center.
Plasma analysis
Plasma human PCSK9 concentrations were determined by ELISA (10) . Plasma cholesterol concentrations were measured as described (20) .
PCSK9 time course and dose response
Male wild-type mice were anesthetized with sodium pentobarbital, and the indicated doses of PCSK9 were administered intravenously into the right jugular vein. At the indicated time points after injection, the animals were euthanized by isoflurane anesthesia, and blood, liver, and adrenals were removed for analysis.
PCSK9 continuous infusion
Male wild-type and Pcsk9 2/2 mice were anesthetized with sodium pentobarbital, and a small lobe of the liver was removed through an abdominal incision. The tissue was snap frozen in liquid nitrogen, and the wound closed with a suture. A blood sample was obtained immediately prior to initiating a continuous infusion of PCSK9 in a saline solution for 3 or 6 h via the jugular vein under anesthesia. Blood samples were collected during infusion at the indicated time points via the tail vein, and the concentration of human PCSK9 was determined by ELISA (10) . Animals were euthanized by cardiac puncture prior to harvesting the liver and the adrenals.
PCSK9 serum half-life
Wild-type or mutant (D374Y) PCSK9 was labeled with sodium 125 I (21), and 4 mg was injected into the right jugular vein of male wild-type and Ldlr 2/2 mice. The specific activity of the 125 I-labeled PCSK9 ranged from 900-1,000 cpm/ng protein.
Aliquots of blood were obtained from the left jugular vein 30 s after the injection (time 0) and at the indicated time points. At the end of the experiment, the animals were euthanized by cardiac puncture. For estimations of tissue PCSK9 uptake, mice were euthanized 15 min after the 125 I-labeled PCSK9 injection, and organs were harvested after whole-body perfusion with saline for 30 min.
Immunoblot analysis
Liver and adrenal membranes were prepared (22) , and the protein concentrations were determined using the BCA Protein Assay kit (Pierce, Rockford, IL). For immunoblot analyses, individual or pooled samples were mixed with loading buffer and heated for 5 min at 96jC prior to being subjected to SDS-PAGE as described (2) . Immunoblot analyses were performed with rabbit polyclonal LDLR antiserum (2) and a horseradish peroxidaseconjugated anti-rabbit IgG from donkey (Amersham Pharmacia Bioscience, GE Health Care Life Sciences, Piscataway, NJ). The invariant control protein, transferrin receptor (TFR), was detected using monoclonal anti-TFR IgG raised in mice (Zymed; San Francisco, CA) and horseradish peroxidase-conjugated rabbit anti-mouse IgG as the secondary. Immuncomplexes were detected using the SuperSignal West Pico Chemiluminescent Substrate System (Pierce).
Quantitative immunoblots of hepatic and adrenal membrane proteins
A total of 5 mg protein from pooled hepatic and adrenal membrane protein of 18 male wild-type and 18 male Pcsk9 2/2 mice was subjected to SDS-PAGE and transferred to nitrocellulose membranes (2) . Following a 30 min blocking reaction in Odyssey blocking buffer (LI-COR Biosciences; Lincoln, NE), blots were incubated with primary antibodies recognizing the LDLR and the TFR, followed by IRDye680-conjugated secondary anti-rabbit and anti-mouse antibodies, respectively. Primary antibodies were diluted in TBS containing 5% bovine serum albumin, and secondary antibodies were diluted in Odyssey blocking buffer. The treated membrane was then scanned with a LI-COR Odyssey infrared imaging system on the 700 nm channel, and signal intensity was quantified with Odyssey v2.0 software (LI-COR).
RESULTS
To characterize the properties and function of PCSK9 in plasma, we first determined whether a single bolus injection of purified recombinant human PCSK9 into the circulation of wild-type mice would reduce hepatic LDLRs. Male wild-type mice were injected with saline vehicle or with 2, 4, 8, 16, or 32 mg PCSK9 and then euthanized 1, 2, or 4 h after the injection. Hepatic LDLR protein levels were determined by immunoblot analysis. LDLR levels did not change in liver after a single bolus injection of 2 or 4 mg of human PCSK9 (Fig. 1A , lanes 1-3, 7-9, and 13-15). When the dose was increased to 8 mg of PCSK9, hepatic LDLRs fell by ?50% within 1 h of the injection (Fig. 1A , lane 4). Higher doses of PCSK9 (16 or 32 mg) resulted in a more marked reduction (?80-90%) of hepatic LDLRs (Fig. 1A , lanes 5 and 6), and LDLR levels remained low for 2-4 h (Fig. 1A , lanes 11, 12, 17, and 18) .
To define the kinetics of the response to PCSK9, mice were injected with recombinant human PCSK9 (32 mg) and euthanized at various times afterwards (Fig. 1B) . No changes in hepatic LDLR levels were detected until the 30 min time point, when the LDLR protein was reduced by ?75%. Maximal reductions in LDLR levels were seen at 60 min (?90%). Hepatic LDLR protein levels returned to baseline 360 min after injection, which suggested that PCSK9 was rapidly cleared from the plasma.
To measure the half-life of PCSK9 in plasma and to determine whether LDLRs influenced PCSK9 clearance, 125 I-PCSK9 was injected into wild-type and Ldlr 2/2 mice, and the protein's disappearance from plasma was determined. As shown in Fig. 1C , the clearance of labeled PCSK9 in mice occurred in two phases. The first phase was rapid and dependent on functional LDLRs, and the second phase was largely LDLR independent. The half-life of PCSK9 in wild-type mice was ?5 min, and this interval was increased to ?15 min in the absence of LDLRs. Recovery Membrane proteins were isolated, equal aliquots from three mouse livers in each group were pooled, and a total of 5 mg protein was subjected to 8% SDS-PAGE for immunoblot analysis of the LDLR and TFR as described in Materials and Methods. B: Immunoblot analysis of the LDLR and TFR protein in liver membranes of wild-type male mice 5, 10, 30, 60, 120, 240, 360, and 480 min after the injection of 32 mg of recombinant human PCSK9. Membrane proteins were isolated, equal aliquots from three mouse livers at each time point were pooled, and immunoblots were performed as described in A. C: Clearance of 125 I-PCSK9 in wild-type and Ldlr 2/2 mice. Recombinant human PCSK9 labeled with 125 I was produced as described in Materials and Methods. Six mice of each genotype were injected with 4 mg of the 125 I-labeled PCSK9 protein, and blood samples were obtained at the indicated times following the injection. Values are averages 6 SD. Insert: Plasma half-life (min) of 125 I-PCSK9 calculated from the slope during the first 10 min. * P , 0.05 versus wild-type. D:
125 I-labeled PCSK9 uptake in livers of wild-type and Ldlr 2/2 mice. Seven male mice of each genotype were administered 4 mg of the 125 I-labeled PCSK9 protein, and the mice were euthanized 15 min after injection. Livers were harvested after whole-body perfusion with saline for 30 min, and radioactivity was counted. Values are averages 6 SD. * P , 0.05 versus wild-type.
Plasma PCSK9 and tissue LDLR levelsof injected 125 I-PCSK9 in the liver after 15 min was ?90% in wild-type mice, but only ?60% in Ldlr 2/2 mice (Fig. 1D) . Thus, PCSK9 acts rapidly, has a short half-life in plasma, and is predominantly cleared by the liver.
The efficacy of injected recombinant PCSK9 permitted the use of continuous infusions to study the effects of different plasma concentrations of PCSK9 on LDLR expression. To this end, various amounts of recombinant human PCSK9 were infused into wild-type mice for 3 h and plasma was obtained every 30 min to measure human PCSK9 concentrations ( Fig. 2A) . After 3 h of continuous infusion, PCSK9 concentrations reached a steady state in mice infused with 8, 16, or 24 mg/h. With the highest dose of PCSK9 (32 mg/h), plasma concentrations of PCSK9 reached 1.0 mg/ml but were still increasing at the end of the 3 h infusion. Hepatic LDLR protein levels were measured by immunoblot analysis from liver samples taken prior to infusion (time 0) and from liver obtained at the end of the 3 h infusion (Fig. 2B) . Infusion of saline or 8 mg/h of PCSK9 did not alter LDL protein levels in liver; Fig. 2 . Plasma PCSK9 concentrations and hepatic LDLR protein levels in wild-type mice infused with recombinant human PCSK9. A: Human PCSK9 plasma concentrations in male wild-type mice during the 3 h infusion of 8, 16, 24, or 32 mg/h of recombinant human PCSK9. Plasma human PCSK9 concentrations were measured by ELISA (10) . Data are averages 6 SEM, n 5 4. B: Immunoblot analysis of the LDLR and TFR in liver membranes of male wild-type mice infused for 3 h with saline vehicle or 8, 16, 24, or 32 mg/h of recombinant human PCSK9 protein. A liver sample was obtained prior to infusion (2) and at the end of the infusion (1). Membrane proteins were isolated, and 5 mg protein was subjected to 8% SDS-PAGE for immunoblot analysis of the LDLR as described in Materials and Methods. TFR was used as a control for loading. Immunoblots show protein levels from individual mice before and after infusion. (2) and at the end of the infusion (1). Membrane proteins were isolated, and 5 mg protein was subjected to 8% SDS-PAGE for immunoblot analysis of the LDLR as described in Materials and Methods. TFR was used as a control for loading. Immunoblots show protein levels from individual mice before and after infusion.
however
0.15, 0.27, and 0.49 mg/ml, respectively. These concentrations are within the range (0.05-0.60 mg/ml) of those previously measured in human plasma using this ELISA (10) . Infusions with up to 32 mg/h of PCSK9 for 3 h did not affect plasma cholesterol levels (data not shown).
To confirm and extend these results, we repeated the infusion experiments in Pcsk9 2/2 mice to eliminate the contribution of endogenous mouse PCSK9 to the observed effects on hepatic LDLRs (Fig. 3) . At baseline, Pcsk9 2/2 mice had ?3-fold more hepatic LDLRs than wild-type mice (1). Infusion of 4 mg/h of PCSK9 into the Pcsk9 2/2 mice did not produce measurable steady-state levels of PCSK9 protein (Fig. 3A) . At the end of the 3 h infusion of PCSK9 at 8, 16, and 32 mg/h, the plasma concentrations of human PCSK9 were 0.18, 0.29, and 0.42 mg/ml, respectively (Fig. 3A) . Liver samples obtained prior to infusion and at the end of the 3 h infusion were analyzed by immunoblot to determine the effects of PCSK9 on the levels of LDLRs (Fig. 3B) . Infusion of PCSK9 at rates of 8, 16, and 32 mg/h resulted in significant reductions in hepatic LDLR protein in a dose-dependent manner. These results confirmed that the presence of plasma PCSK9 at concentrations measured in human plasma causes degradation of hepatic LDLRs.
The adrenal gland has the highest levels of LDLRs per gram tissue (23) of any organ in the body. To determine whether PCSK9 in plasma affects LDLRs in the adrenals in a manner similar to that found in liver, wild-type mice were infused with the highest dose of recombinant human PCSK9 protein (32 mg/h) for 3 h and 6 h, and LDLRs were measured by immunoblot analysis (Fig. 4) . Consistent with the data shown in Fig. 3 , continuous infusion of the 32 mg/h of PCSK9 for 3h and 6 h nearly eliminated all LDLRs in liver (Fig. 4A) . No change in the levels of LDLR was seen in the adrenal glands of these animals (Fig. 4B) . Next, we examined the amount of LDLR protein in livers and adrenals from 18 wild-type and 18 Pcsk9 2/2 mice. To more accurately measure the LDLR protein levels, the LI-COR Odyssey infrared imaging system was used. In this experiment, the LDLR protein level in Pcsk9 2/2 livers was increased 2.8-fold (Fig. 4C) , whereas the level in the adrenals of the Pcsk9 2/2 mice was only 1.4-fold higher than in the wild-type mice. These data further support the conclusion that PCSK9 has a reduced activity on LDLRs in the adrenals.
We next examined the plasma kinetics and activities of a PCSK9 protein with a gain-of-function mutation (D374Y) associated with hypercholesterolemia in humans (6) . Previously, it was shown that PCSK9(D374Y) added to the medium of HepG2 cells was ?10-fold more potent than Fig. 4 . Liver and adrenal LDLR protein levels in wild-type mice infused with recombinant human PCSK9 and in noninfused wild-type and Pcsk9 2/2 mice. A: Immunoblot analysis of the LDLR and TFR in liver membranes of male wild-type mice infused for 3 h or 6 h with saline vehicle or 32 mg/h of recombinant human PCSK9 protein. Membrane proteins were isolated, and 5 mg of protein was subjected to 8% SDS-PAGE for immunoblot analysis of the LDLR as described in Materials and Methods. TFR protein was used as a control for loading. Immunoblots show protein levels from individual mice after infusion. B: Immunoblot analysis of the LDLR and TFR in membranes from adrenal glands of male wild-type mice infused for 3 h or 6 h with saline vehicle or 32 mg/h of recombinant human PCSK9 protein. Adrenal gland membrane proteins were isolated as described in Materials and Methods. Immunoblots show protein levels from pooled adrenal glands from three mice after infusion. C: Quantitative immunoblot analysis of the LDLR and TFR in liver and adrenal gland membranes of wild-type ( ) mice. Membrane proteins were isolated, and 5 mg was subjected to 8% SDS-PAGE for immunoblot analysis of the LDLR as described in Materials and Methods. TFR protein was used as a control for loading. Secondary antibodies labeled with IRDye 680 were used for visualization. Detection and quantification of LDLR and TFR protein were performed with the LI-COR Odyssey Infrared Imaging System. Ratiometric analysis of wavelength intensities was used to quantify the LDLR and TFR membrane protein. Data are from pooled membrane fractions from 18 male wild-type and 18 male Pcsk9 2/2 mice. Similar results were obtained from two smaller studies that used livers and adrenals pooled from six mice per genotype.
Plasma PCSK9 and tissue LDLR levels
wild-type PCSK9 in reducing LDLRs (10) . A potential mechanism for the increased activity of the mutant protein is that it binds the LDLR with ?5-to 30-fold greater affinity than the wild-type PCSK9 (24, 25) . To determine whether the gain-of-function protein had an altered plasma halflife, PCSK9(D374Y) was radiolabeled with 125 I and injected into wild-type mice, and clearance from the plasma was determined (Fig. 5A) . Clearance of 125 I-PCSK9(D374Y) from the blood was ?1.5 times faster than that of wild-type 125 I-PCSK9 protein [first-phase half-lives of 4.7 6 0.1 min and 3.2 6 0.3 min for wild-type-PCSK9 and PCSK9(D374Y), respectively]. This result is compatible with the higher affinity of the mutant protein for the LDLR.
To determine whether the gain-of-function mutant had increased activity in plasma, PCSK9(D374Y) was continuously infused for 3 h into Pcsk9 2/2 mice at three different rates (4, 8 , and 32 mg/h) and effects on hepatic LDLR protein levels were measured. As shown in Fig. 5B , infusion of 4 mg/h of PCSK9(D374Y) did not result in measurable PCSK9 concentrations in blood, a result also found upon infusion of wild-type PCSK9 protein (Fig. 3A) . Infusion of 8 mg/h resulted in plasma concentrations of 0.02 mg/ml at 3 h, which is significantly lower than was seen with the wild-type protein (0.18 mg/ml) in the Pcsk9 2/2 mice (Fig. 3A) . Despite the lower plasma concentration of PCSK9(D374Y), hepatic LDLR levels were reduced significantly (Fig. 5C ). These results are consistent with PCSK9(D374Y) having a more potent effect on LDLR expression in vitro (10) .
Next, we determined whether an intact catalytic site was required for PCSK9-mediated degradation of hepatic LDLRs in vivo. Previously, we showed that catalytically inactive PCSK9 reduced LDLRs as efficiently as wild-type PCSK9 when added to the medium of HepG2 cells (18) . To determine whether this finding was also true in the intact animal, catalytically inactive PCSK9 protein was purified from the medium of cells by coexpression of the prodomain and a catalytically inactive protease domain containing an alanine in place of a conserved serine at position 386 (S386A) [designated trans-PCSK9(S386A)] (18). Wild-type PCSK9 or trans-PCSK9(S386A) was then infused into Pcsk9 2/2 mice at a rate of 32 mg/h, and the effects on hepatic LDLRs were assessed by immunoblot analysis (Fig. 6) . Similar reductions in hepatic LDLRs were seen with the catalytically inactive and wild-type protein, confirming that catalytic activity is not required for PCSK9 to mediate the degradation of hepatic LDLRs in vivo.
DISCUSSION
Although PCSK9 has emerged as a potent regulator of plasma LDL-C and cardiovascular risk, details regarding the protein's site and mode of action on LDLR number are only partially defined. In the current report, we characterized the kinetics and activities of plasma PCSK9 and a gain-of-function variant, PCSK9(D374Y), which causes hypercholesterolemia. Our primary purpose was to determine whether PCSK9 in mouse plasma affects LDLR num- I-PCSK9(D374Y) calculated from the slope during the first 10 min. * P , 0.05, PCSK9(D374Y) versus wild-type-PCSK9. B: Human PCSK9 plasma levels during a 3 h infusion of 4, 8, or 32 mg/h of recombinant human PCSK9(D374Y) in male Pcsk9 2/2 mice. Plasma human PCSK9 concentrations were determined by ELISA (10) . Data are averages 6 SEM, n 5 3. C: Immunoblot analysis of the LDLR and TFR protein in liver membranes of male Pcsk9 2/2 mice infused with 4, 8, or 32 mg/h of recombinant human PCSK9(D374Y) protein for 3 h. Liver membrane proteins were isolated, and 5 mg protein was subjected to 8% SDS-PAGE for immunoblot analysis of the LDLR as described in Materials and Methods. TFR was used as a control for loading. Immunoblots show protein levels from individual mice before and after infusion.
bers at concentrations typically found in human plasma. The ability to obtain large quantities of purified recombinant human PCSK9 from stably transfected HEK293S cells permitted the direct injection of the protein into mice to determine the levels of circulating human PCSK9 that effect changes in LDLR number in the liver and the adrenal gland. We found that plasma PCSK9 levels within the range of the concentrations found in humans (0.05-0.60 mg/ml) (10) were associated with reductions in hepatic LDLR protein. A plasma concentration of human PCSK9 of only 0.18 mg/ml in mice expressing no endogenous PCSK9 was sufficient to reduce hepatic LDLRs by more than 80% (Fig. 3) . These findings are consistent with circulating PCSK9 having a functional effect on LDLR number in liver. Our studies cannot exclude the possibility that PCSK9 also acts intracellularly to promote LDLR degradation.
Unexpectedly, infusion of PCSK9 either did not affect or only modestly lowered LDLR number in adrenals. The mRNA for PCSK9 is not expressed in the adrenals of mice (Grefhorst and Horton, unpublished observations); thus, any effects measured in this tissue should result from the action of plasma PCSK9. Even when the highest infusion rate of PCSK9 was used (32 mg/h) for up to 6 h, resulting in plasma PCSK9 concentrations of 1.73 6 0.03 mg/ml (data not shown), no reduction in LDLR protein was detected in the adrenal glands, despite the near ablation of LDLRs in liver (Fig. 4) . In untreated Pcsk9 2/2 mice, LDLRs in the adrenals were slightly increased (1.4-fold) compared with wild-type mice (Fig. 4C) ; however, this increase was significantly less than that measured in liver (2.8-fold) and supported the conclusion that PCSK9 is less but not completely inactive in the adrenals. The reasons for the reduced responsiveness of the adrenals to the effects of PCSK9 are not known. PCSK9 has varying effects on LDLR levels in different cell types in cultured cells (2, 10, 24) . The reduced responsiveness of the adrenal glands to PCSK9 may be subject to cell type-specific modulators. We do not know the effect of PCSK9 on LDLR expression in other organs, because of the low levels of LDLR expression in other tissues and the low sensitivity of the immunoblotting assay employed. Thus, future studies using LDL uptake as a measure of LDLR number will be necessary for examining the effect of PCSK9 in tissues other than the liver and the adrenal glands.
Previous experiments demonstrated that PCSK9 binds directly to the LDLR and that functional LDLRs were required for hepatocytes to internalize PCSK9 (10, 13). It was not known whether the number of functional LDLRs alters PCSK9 clearance from blood. The 125 I-PCSK9 clearance studies shown in Fig. 1 suggest that LDLRs themselves play an important role in mediating PCSK9 clearance. The route of clearance of the remainder of the protein, which is cleared in an LDLR-independent manner, is not known. The affinity of the LDLR for PCSK9 also appears to affect the half-life of the protein. Similar clearance studies using PCSK9(D374Y), which exhibits a 5-to 30-fold greater affinity for the LDLR (24, 25) , showed that the clearance of PCSK9(D374Y) was significantly faster than that of the wild-type protein (Fig. 5A) . The gain-of-function PCSK9 protein also was significantly more active than wild-type PCSK9 in plasma; steady-state plasma concentrations of PCSK9(D374Y) that were 10-fold less than those found in mice infused with wild-type protein resulted in equivalent levels of hepatic LDLR destruction (cf. Figs. 3B, 5C ).
The rapid clearance of PCSK9 from plasma suggested that PCSK9 production rates must also be relatively high to maintain plasma PCSK9 levels. An ELISA to determine the concentration of mouse PCSK9 in blood is currently not available, but mouse PCSK9 is detectable in this compartment by immunoprecipitation (Lagace and Horton, unpublished observations). Here, the use of human PCSK9, for which an ELISA is available, provided an opportunity to estimate production rates of PCSK9 by infusing recombinant protein into Pcsk9 2/2 mice. The data given in Fig. 3A show that an infusion rate of 4 mg/h of PCSK9 does not result in detectable plasma levels in PCSK9 knockout mice, yet an infusion rate of 8 mg/h of PCSK9 results in near steady-state levels (0.15 mg/ml) in blood. These data provide indirect evidence to suggest that the rate of whole- 2/2 mice were infused with saline, 32 mg/h of recombinant human wildtype-PCSK9, or 32 mg/h of trans-PCSK9(S386A) for 3 h. A liver sample was obtained prior to infusion (2) and at the end of the infusion (1). Liver membrane proteins were isolated, and 5 mg protein was subjected to 8% SDS-PAGE for immunoblot analysis of the LDLR as described in Materials and Methods. The TFR protein was used as a control for loading. Immunoblots show protein levels from individual mice before and after infusion. Plasma human PCSK9 concentrations were determined by ELISA from blood samples obtained at the end of the 3 h infusion (10). ND, not detected. body PCSK9 production is more than 4 mg/h in mice. It is likely that the majority of the PCSK9 produced is from liver, because this organ has the highest mRNA expression of PCSK9 (26) .
A recent surprising finding is that although catalytic activity of PCSK9 is required for self-cleavage, proper folding, and secretion from the cell (26) , the catalytic activity of PCSK9 is not required for the degradation of LDLRs when added to the medium of cultured cells (18, 27) . The data shown in Fig. 6 demonstrate that infusion of catalytically inactive protein led to the destruction of hepatic LDLRs in a manner that was virtually identical to that of the catalytically active protein. These in vivo data confirm that the LDLR degradation activity of PCSK9 is independent of the protein's proteolytic activity.
A major unresolved question is why PCSK9 has evolved and persisted in the genome, given the existence of the transcriptional regulatory mechanism controlling LDLR expression that is present in all cells. The current studies raise the possibility that the primary site of PCSK9 action is the liver and that the secreted form of PCSK9 preferentially downregulates LDLR expression in this tissue to divert apolipoprotein B-(apoB) and apoEcontaining lipoproteins away from the liver to peripheral tissues. The LDLR and all genes required to synthesize cholesterol are transcriptionally activated by a single transcription factor, sterol-regulatory element binding protein-2 (SREBP-2) (28). This same transcription factor also regulates PCSK9, which ultimately degrades LDLRs (29, 30) . In the short term, SREBP-2 activation increases lipid synthesis and VLDL secretion from liver. SREBP-2 also activates PCSK9, which preferentially reduces hepatic LDLRs, thereby preventing the immediate reuptake of the secreted lipoprotein particles and diverting the newly synthesized and secreted lipoproteins to peripheral tissues. Over the long term, high levels of PCSK9 would ultimately increase plasma LDL-C levels and the risk of cardiovascular disease.
Combined, the data of the current report suggest that exogenously administrated PCSK9 in plasma preferentially reduces LDLR protein levels in liver at concentrations found in human plasma. Furthermore, this effect was not dependent on PCSK9 catalytic activity, suggesting that inhibitors of PCSK9 catalytic activity that only function in plasma will not be successful in blocking PCSK9's action on hepatic LDLRs. However, the results of these studies do suggest that approaches that utilize small molecules or antibodies to block the interaction of PCSK9 and the LDLR at the cell surface may be a viable approach to inhibit PCSK9 function and provide an alternative therapy for hypercholesterolemia.
